Because of insuffi cient pollination, animal-pollinated plants often produce fewer seeds than they would under optimal pollination conditions ( Ashman et al., 2004 ) . Pollen limitation arises from a variety of biotic and abiotic changes in the environment that affect plant -pollinator interactions ( Knight et al., 2005 ) . Limited pollinator availability may result in reduced fl ower visitation, smaller pollen loads, and thus lower fruit and seed production (e.g., Aizen and Feinsinger, 1994 ; Cunningham, 2000 ) . Particularly in small populations, plants often fail to attract suffi cient pollinators to guarantee high reproductive success ( Ashman et al., 2004 ; Brys et al., 2004 Brys et al., , 2007 . In addition, because of the limited number of fl owering plants, pollinators may adapt their foraging behavior to maximize resource use and nutrient uptake ( Thomson, 1981 ) . Under such circumstances, pollinators are likely to forage longer on the same plant ( de Jong et al., 1993 ) , thereby increasing the amount of selfpollination or to switch more often to other cofl owering plant species ( Waser, 1978 ) . The latter can cause a loss of conspecifi c pollen and increase heterospecifi c pollen deposition . Both aspects may, in turn, lead to lower seed production and higher variability in seed set among individuals ( Knight et al., 2005 ) .
When faced with recurrent or chronic pollination limitation, species may evolve a system in which autonomous selfi ng (i.e., within-fl ower selfi ng without the aid of a pollen vector) ensures seed production when pollinators are rare or absent ( Knight et al., 2005 ) . In such cases, a considerable number of seeds are still produced, even when pollinators are completely lacking. From a review of the available literature, Eckert et al. (2006) showed that a large number of species are capable of producing seeds in the absence of any pollinators. However, despite the obvious advantages of uniparental reproduction, most fl owering plant species are found to outcross predominantly, and relatively few reproduce exclusively through self-fertilization ( Goodwillie et al., 2005 ) . This can be explained by the fact that selfi ng is often associated with costs, such as severe inbreeding depression ( Lande and Schemske, 1985 ; Husband and Schemske, 1996 ) and/or pollen and seed discounting ( Vaughton and Ramsey, 2010 ) . The magnitude of these costs can vary depending on both the timing of selfi ng relative to outcross pollen receipt and the availability of pollinators and/or compatible outcross pollen ( Goodwillie et al., 2005 ) . Only autonomous self-pollination that occurs after opportunities for outcross pollen receipt have passed (i.e., delayed selfi ng) incurs no pollen or seed discounting ( Schoen and Brown, 1991 ; Lloyd, 1992 • Premise of the study: In animal-pollinated plants, autonomous selfi ng may provide reproductive assurance when pollinators or reproductive partners are limited. Under such circumstances, the contribution of pollinator-mediated seed set to total seed production also may be more variable compared with situations in which pollinator abundances are high or populations consist of large numbers of individuals. Despite the widespread acceptance of the reproductive assurance hypothesis, only limited empirical evidence exists that autonomous selfi ng confers reproductive output and guarantees constant seed set under variable pollination environments.
• Methods: We performed emasculation experiments in 22 populations of the short-lived, monocarpic plant Centaurium erythraea in a fragmented dune landscape.
• Key results: Floral emasculations resulted in a signifi cantly lower seed set compared with that of intact fl owers. Seed set in emasculated fl owers also declined signifi cantly with decreasing population size and pollinator availability, whereas seed set of intact fl owers did not depend on population size nor on pollinator availability. Variability in seed set among individuals was signifi cantly lower in intact than in emasculated fl owers and decreased signifi cantly with increasing population size when fl owers were emasculated but not in intact fl owers.
• Conclusions: These results indicate that pollinator-mediated seed set is strongly dependent both on population size and on pollinator availability but that reproductive assurance through autonomous selfi ng guarantees relatively constant levels of total seed production, even when populations are small and/or pollinator limited. High variation in seed set of emasculated fl owers suggests strong unpredictability in pollinator services in small populations. 2011 ) . Anthers curl and shed pollen gradually starting on the second or third day of fl owering ( Brys and Jacquemyn, 2011 ) . Flowers of C. erythraea are almost exclusively ( > 90%) visited by pollen-gathering hoverfl ies (Diptera, Syrphidae), most often Episyrphus balteatus , Sphaerophoria scripta , and Scaeva species ( Brys and Jacquemyn, 2011 ) , but occasionally by bees (Hymenoptera, Apoidae), small fl ies (e.g., Empididae and Muscidae), moths, and butterfl ies (Lepidoptera) ( M ü ller, 1883 ; Knuth, 1909 ; Ubsdell, 1979 ; Van Rossum, 2009 ; Brys and Jacquemyn, 2011 ) . Seeds ripen in August and are very tiny ( < 0.01 mg) and numerous (on average 251 ± 90 seeds per fruit). During the summer of 2009, we studied 22 C. erythraea populations in a highly fragmented dune area (2 × 4 km) at the western part of the Belgian coast (between Oostduinkerke and De Panne). Most of these populations were located in fragmented dune grasslands surrounded by a matrix of dense and species-poor scrub vegetation, which was mainly dominated by Hippophae rhamnoides , Ligustrum vulgare , Sambucus nigra , and Salix repens . The shortest distance between study populations varied between 38 and 3915 m (mean 346 m).
Determination of population size and pollinator availability -In each population, population size was determined by counting the total number of fl owering individuals. To assess pollinator availability in each studied population, the abundance of hoverfl ies (denoted as pollinator availability hereafter) was estimated by using pan traps. We used this method because of the large number of populations studied and the short time frame in which the emasculation experiments were conducted (1 -7 of July). In each population, four yellow pan traps were placed at 5-m intervals along transects through the population during 3 sunny days at peak fl owering. Traps were fi lled with a dilute soap solution and were all exposed during the same period in all populations. For each pan trap, the total number of hoverfl ies was counted, and the average number across pan traps within a site was used as a measure of pollinator availability. A delayed selfi ng thus provides reproductive assurance, even when inbreeding depression is high ( Schoen and Brown, 1991 ) . When autonomous self-pollination coincides with outcross pollen receipt (i.e., competing selfi ng), pollen and seed discounting and inbreeding depression can disfavor selfi ng ( Holsinger, 1991a , b ; Lloyd, 1992 ) . Mixed mating strategies that allow outcrossing when populations are abundantly fl owering and pollinator availability is high, but ensure seed production through autonomous selfi ng when successful pollination fails, are most favorable, as they increase female fi tness with little or no seed or pollen discounting ( Kalisz et al., 2004 ) .
To show that the contribution of autonomous selfi ng to total seed set effectively confers reproductive assurance, populations ideally should be studied across multiple years with varying pollinator and/or mate availability ( Schoen and Brown, 1991 ; Kalisz et al., 2004 ) . Alternatively, one can investigate multiple populations that differ in pollinator and/or mate availability (e.g., van Kleunen et al., 2007 ) . However, despite the wide acceptance of the reproductive assurance hypothesis (e.g., Herlihy and Eckert, 2002 ; Eckert et al., 2006 ) , only a few studies have empirically investigated the contribution of autonomous selfi ng to total seed production in natural populations that vary in size ( van Kleunen et al., 2007 ) , plant density ( Jacquemyn and Brys, 2008 ) , or availability of pollinators ( Kalisz and Vogler, 2003 ; Kalisz et al., 2004; Brys and Jacquemyn (In press) ).
One way to test whether autonomous selfi ng confers reproductive assurance is through the use of emasculation experiments, in which anthers are removed before they dehisce, and seed production of emasculated fl owers is compared with that of intact fl owers ( Lloyd and Schoen, 1992 ; Eckert et al., 2010 ) . Compared with progeny analyses (e.g., Herlihy and Eckert, 2002 ; Kalisz et al., 2004 ) , emasculation experiments have the advantage that they allow the uncoupling of the contribution of autonomous selfi ng and geitonogamy (between-fl ower selfpollination). Moreover, in species that produce hundreds of dust-like seeds, progeny analyses can be challenging.
In this study, we investigated the impact of population size and pollinator availability on pollinator-mediated seed production in the self-compatible monocarpic herb Centaurium erythraea and assessed to what extent autonomous selfi ng contributes to total seed production. Previous research has shown that autonomous self-pollen deposition, realized through a system of anther curling at the end of a fl ower ' s life, results in delayed selfi ng in this species ( Brys and Jacquemyn, 2011 ) and thus may provide reproductive assurance when successful pollinator-mediated pollen deposition fails. Emasculation experiments were conducted in 22 natural populations in a highly fragmented dune landscape to test the hypothesis that autonomous selfi ng effectively confers reproductive assurance under variable population sizes and different levels of pollinator availability.
MATERIALS AND METHODS
Study species and populations -Centaurium erythraea (Rafn.) (Gentianaceae) is a biennial/winter annual monocarpic plant species that typically occurs in open, often transient habitats, such as grasslands, forest clearings, and open woods. The species has a west-European, Atlantic distribution. It produces showy pink, hermaphroditic, and self-compatible fl owers ( Ubsdell, 1979 ; see Fig. 1 ) . Flowering starts at the end of June and lasts for about 3 to 4 wk. Flowering individuals produce on average 61.9 ± 18.7 fl owers per plant, and fl owers do not produce any nectar ( Brys and Jacquemyn, 2011 ) The contribution of autonomous selfi ng to total seed production (i.e., index of reproductive assurance) varied markedly over the populations studied (range 19.1 -87.3%, mean 63.4%). The index of reproductive assurance signifi cantly declined with the two increasing population sizes ( Fig. 4A ; F 1, 258 = 18.92; P = 0.001) and pollinator availability ( Fig. 4B ; F 1, 258 = 19.12; P = 0.007), but both predictor variables did not interact significantly with each other ( F 1, 257 = 0.001; P = 0.996).
DISCUSSION
Reproductive assurance in Centaurium erythraea -Our data indicate that emasculated fl owers of C. erythraea produced fewer seeds than intact control fl owers, suggesting that autonomous selfi ng signifi cantly contributes to total seed production in this species. In C. erythraea , fl owers show delayed selfi ng driven by a system of protogyny, in which the stigma becomes receptive during the fi rst day of fl owering, and anthers shed pollen at the end of fl owering through anther curling ( Brys and Jacquemyn, 2011 ) . This mode of selfi ng was found to fertilize up to 55% of the total amount of ovules available in complete absence of any pollinator ( Brys and Jacquemyn, 2011 ) . Protogyny is a common fl oral trait that is widely viewed as a delayed selfi ng mechanism (e.g., Griffi n et al., 2000 ) , and the resulting mode of delayed selfi ng most likely explains the observed seed production of intact fl owers in our study populations, especially in those that were small and had few pollinators. These results support earlier fi ndings of Ubsdell (1979) and Van Rossum (2009) , who reported that the species can show high levels of selfi ng. Using allozyme markers in small and fragmented peri-urban forest populations of C. erythraea , Van Rossum (2009) reported relatively low genetic diversity, high inbreeding coeffi cients ( F IS ), and high genetic differentiation ( F ST ), suggesting a predominantly selfi ng behavior of the species within these populations. Ubsdell (1979) , studying seed set in several English populations, also found strong indications Pearson correlation was used to investigate whether population size and pollinator availability were signifi cantly correlated.
Emasculation experiments within the study populations -To quantify the extent of pollinator-mediated seed set and to assess the contribution of autonomous selfi ng to total seed set, fl oral emasculations were performed in each population during the fi rst week of July. We randomly selected and marked 15 fl owering plants per population. For each of these focal plants, we selected pairs of newly opened fl owers, of which one fl ower was emasculated and the other was left intact. Exploratory investigation indicated that emasculation of fl owers did not affect fl oral life span and the capability of a fl ower to produce optimal seed set ( Brys and Jacquemyn, 2011 ) . Previous investigation of the impact of emasculation on pollinator services further revealed that emasculation did not have a signifi cant effect on fl oral visitation rates, even when all fl owers on a plant were emasculated ( F 1,31 = 0.907; P = 0.349; R. Brys and H. Jacquemyn , unpublished results). Because only a few fl owers per plant were assigned to the emasculation treatment in this study, it can be assumed that emasculation did not impact pollinator services in this experiment. Once seeds were ripe, fruits of both emasculated and selected intact control fl owers were harvested and brought to the laboratory. After they were air dried, we determined the total number of seeds for each fruit using a binocular microscope.
Statistical analyses -For each population, variability in seed production among individuals was quantifi ed by means of the coeffi cient of variation (CV= SD / mean). Coeffi cients of variation were calculated for both pollination treatments (emasculated vs. intact fl owers) separately. To test the hypothesis that mean seed set per fruit and variability in seed set (CV) was affected by population size, pollinator availability, and pollination treatment (emasculated vs. intact control fl owers), a mixed model analysis of covariance (ANCOVA) was used. To incorporate the paired structure of both pollination treatments applied on each plant, plant nested within population was included as a random factor in the model. Population was also entered as a random factor to correct for random population effects and thus to avoid pseudoreplication. We confi rmed that the assumptions of normality and homoscedasticity were not violated.
For each plant, an index of reproductive assurance was calculated as [1 -(seed set of emasculated fl owers / seed set of intact fl owers)] ( Lloyd and Schoen, 1992 ) . To test whether the contribution of autonomous selfi ng to total seed production was related to population size, pollinator availability, and the interaction between both predictor variables, a generalized linear mixed model was applied. Again population was incorporated as a random factor.
All statistical analyses were performed with SAS, version 9.2 (SAS Institute, Cary, North Carolina, USA). We used the MIXED procedure to analyze the normally distributed seed set data, whereas the GLIMMIX procedure with logit link function was used for the binomially distributed data (i.e., CV and index of reproductive assurance) ( Littell et al., 2002 ) . In each analysis, all predictor variables were entered simultaneously in the model.
RESULTS
The studied C. erythraea populations varied in size (range 22 -2132; mean 272.2) and pollinator availability (range 1.5 -24.5 hoverfl ies / pan trap; mean 13.3). Population size and pollinator availability, however, were not signifi cantly correlated ( r = 0.343; df = 22; P = 0.118).
Seed set was signifi cantly lower in emasculated fl owers (mean seed set 93.6 ± 5.6) than in intact control fl owers (251.0 ± 4.9) ( Table 1 ; Fig. 2 ). Mean seed set of emasculated fl owers was signifi cantly and positively related to both population size and pollinator availability ( Fig. 2 ) , and both factors also significantly interacted with pollination treatment (emasculated vs. intact control fl owers) (see Table 1 ). Variability in seed production (CV) was signifi cantly lower in intact than in emasculated fl owers ( Fig. 3 ) and depended signifi cantly on population size and the interaction between population size and pollination treatment ( Fig. 3A ; Table 1 ). Pollinator availability did not have an effect on the variability in seed set per fruit. did not depend on these factors. Although population size and pollinator availability of the studied populations were not signifi cantly related, the positive relationship between seed set of emasculated fl owers and population size was mainly due to high levels of seed set in the three largest populations. These populations also were characterized by relatively high pollinator abundances, suggesting that one or both factors have contributed that the species is able to produce substantial amounts of seeds through autonomous selfi ng. However, our study clearly indicates that the contribution of autonomous selfi ng to total seed set depends on the ecological conditions of the populations studied. Seed set of emasculated fl owers increased signifi cantly with both population size and pollinator availability, whereas total seed set of intact fl owers Overall, our results support previous fi ndings in other species that the importance of autonomous selfi ng in augmenting total seed set is strongly context dependent ( Kalisz et al., 2004 ) and that the amount of reproductive assurance can be signifi cantly related to variation in pollinator availability and/ or variation in population size. For example, in the winter annual Collinsia verna , Kalisz et al. (2004) reported that delayed autonomous self-pollination increased seed output per fl ower during periods of infrequent pollinator visits. In addition, Jacquemyn and Brys (2008) empirically demonstrated that in the wind-and partly insect-pollinated Paris quadrifolia , autonomous selfi ng signifi cantly contributed to total reproductive output when plants fl owered at greater distances from other fl owering conspecifi cs. In Clarkia xantiana , a winter annual endemic to southern California, Moeller and Geber (2005) also reported that the contribution of selfi ng in providing reproductive assurance is higher in habitats where crosspollination via specialist bees is lower because of the absence of cofl owering congeners.
Variability in pollinator-mediated seed production -Our study further showed that within-population variability in seed set of emasculated fl owers increased signifi cantly with decreasing population size and was much larger than that of intact fl owers. This suggests an increased unpredictability of pollinator-mediated deposition of conspecifi c pollen in small populations. Because C. erythraea fl owers are almost exclusively pollinated by generalist hoverfl ies (see Fig. 1B ) ( Brys and Jacquemyn, 2011 ) , it is expected that these pollinators may shift to other cofl owering plant species when the number of fl owering C. erythraea individuals becomes limited ( Haslett, 1989 ; Branquart and Hemptinne, 2000 ) . This not only may result in lower and more variable visitation rates, it also can cause loss and therefore reduced deposition of conspecifi c pollen in later-visited conspecifi c fl owers ( Waser, 1978 ) . Such inconstant foraging behavior has been shown to result in substantial pollen loss and increased variability in seed set of Mimulus ringens . Other studies have shown that inconstant fl oral foragers also deposit heterospecifi c pollen onto a focal plant ' s stigma, which may clog the stigma or block germination of conspecifi c pollen and in turn reduce the capacity for successful fertilization ( Galen and Gregory, 1989 ; Randall and Hilu, 1990 ) . Variation in seed set in C. erythraea was not related to hoverfl y availability, suggesting that a decrease in pollinator availability translates into an overall, but constant, decrease in pollinator-mediated seed set ( Montgomery, 2009 ). These fi ndings indicate that the capacity of autonomous selfi ng not only increases total reproductive output in C. erythraea but also reduces pollinator-mediated stochasticity in seed production among individuals within the same population.
Occurrence of other modes of selfi ng -Besides autonomous selfi ng, facilitated selfi ng and/or geitonogamous selfi ng is also expected to contribute to total seed set ( Lloyd,1992 ; Eckert, 2000 ; Vaughton and Ramsey, 2010 ) , particularly in populations in which pollinator abundance is high. However, because C. erythraea fl owers are protogynous, with anthers shedding pollen at the end of anthesis ( Brys and Jacquemyn, 2011 ) , the contribution of facilitated selfi ng to total seed set is probably limited. Geitonogamy, on the other hand, is more likely to have contributed to seed set, as fl owers are typically arranged in an umbel, several of which are simultaneously open during peak fl owering (see Fig. 1A ), and because not all fl owers were emasculated in the to the observed seed set patterns of emasculated fl owers. In the invasive plant Datura stramonium , van Kleunen et al. (2007 ) also documented a signifi cant contribution of autonomous selfing to total seed set, but they could not fi nd any relationship with population size, which they attributed to similar pollinator visitation rates in small and large populations. experiment. However, unlike autonomous selfi ng, facilitated selfi ng and geitonogamy offer no reproductive assurance to a plant when pollinators are limited, and therefore they can be considered unavoidable by-products of selection for outcrossing success (see Goodwillie et al., 2005 ) .
Conclusion -Our results provide empirical evidence that autonomous selfi ng in C. erythraea confers reproductive assurance. In addition, several aspects of the ecology of C. erythraea also indicate reproductive assurance is an adaptive explanation for the occurrence of autonomous selfi ng in this species. First, pollinator exclusion experiments showed that the species is capable of producing seeds via autonomous delayed selfi ng in the absence of pollinators ( Brys and Jacquemyn, 2011 ) . Second, because of the fact that C. erythraea generally grows in transient habitats, populations often strongly fl uctuate in size and thus the availability of suitable mates. Third, the short life span of this species and its ephemeral character make seed production a very important life stage for population survival, even in the short term. Last, the occurrence of inbreeding depression may theoretically outweigh the gene-transmission advantage of selfi ng in species that are sensitive to inbreeding depression (e.g., Lande and Schemske, 1985 ) . Preliminary results obtained from two large C. erythraea populations indeed indicate that this species is characterized by relatively high levels of total cumulative inbreeding depression ( δ ≈ 0.5; R. Brys and H. Jacquemyn, unpublished results) . Such levels of inbreeding depression may discourage, at least partly, selection toward an obligate selfi ng mechanism. However, autonomous selfi ng may still be favored, despite strong inbreeding depression, if it occurs after opportunities for outcross pollination have passed (such as in delayed selfi ng species) and/or in situations in which reproductive output is pollinator limited ( Lloyd, 1992 ) .
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